The response of the system, consisting of two types of opposite-charged fermions and their bound states (hydrogen-like atoms), to the perturbation by the external electromagnetic field in low particle kinetic energies region is studied. Investigations are based on using a new formulation of the second quantization method that includes a capability of forming the particle bound states [1] . Expressions for Green functions that describe the system response to the external electromagnetic field and take into account the presence of particle bound states (atoms) are found. Macroscopic parameters of the system, such as conductivity, permittivity and magnetic permeability in terms of these Green functions are found. As an example, the perturbation of the ideal hydrogen-like plasma by the external electromagnetic field in low temperature region is considered. Expressions for the values are found that describe the ideal gas of hydrogen-like atoms Bose-condensate response to the external electromagnetic field.
Introduction
In the process of describing a behavior of many-particle systems a class of problems appear, that are concerned with the system response to the perturbing action of the external, in particular, electromagnetic field. Widespread approach to solving such kind of problems is based on using the Green functions formalism (see in that case e.g. [2] ).
As well known, the most convenient method of describing physical processes in quantum manyparticle theory is the second quantization method. Thus, within the framework of the second quantization it is the simplest to formulate an approach to a description of the system response to the perturbation by the external field, that is based on Green functions. However, if we try to realize such an approach, we can come across an essential difficulty, connected with the possible occurrence of the particle bound states.
Really, the key role of the second quantization method consists in the introduction of creation and annihilation operators of particles in a certain quantum state. The operators of physical quantities are constructed in terms of creation and annihilation operators. Such a description of quantum many-particle systems implies the particles to be elementary (not consisting of other particles). Moreover, it is absolutely accurate despite the possible existence of compound particles. Since the interactions between particles may lead to the formation of bound states, the standard second quantization method becomes too cumbersome. For this reason the construction of an approximate quantum-mechanical theory for many-particle systems consisting of elementary particles and their bound states represents a real problem. In this theory it is necessary to introduce the creation and annihilation operators of bound states as the operators of elementary objects (not compound). Moreover, it should preserve the required information concerning internal degrees of freedom for the bound states.
Such an approach has been realized in [1] . In this work the possibility of constructing such a theory is demonstrated for a system, that consists of two types of fermions, assuming that bound states (atoms or molecules) are formed by particles of two different types. The choice of such a model is not dictated by the principal difficulties but rather by the desire to simplify the calculations and obtain the visual results. Within the framework of this model a method of constructing the creation and annihilation operators of the bound state as a compound object is given. The substantiation of the conversion from the description of atoms as compound objects to elementary objects with the ordinary creation and annihilation Bose-operators is given. Such substantiation is considered in low-energy approximation in which the binding energy of a compound particle is much greater than its kinetic energy. In terms of the creation and annihilation operators of fermions and bosons (as elementary objects) a scheme for constructing the operators of physical quantities is formulated. Explicit expressions for the operators of principal physical quantities, such as density and charge density, momentum and current density, system Hamiltonian, are found. The Maxwell-Lorentz system of equations is found, describing the interaction between electromagnetic field and matter, that may also consist of neutral "atoms" (low-energy quantum electrodynamic equations).
In the present work we use this system of equations to study the response of the system with bound states to the perturbation by the external electromagnetic field within the framework of Green functions formalism. An essentially new issue in these considerations is the next circumstance. When we describe the system response to the perturbing action of the external electromagnetic field the approximate formulation of the second quantization method proposed in [1] makes it possible to take the neutral bound states into account in sufficiently simple way.
Quantum electrodynamic equations for the low-temperature hydrogenlike plasma
The quantum-electrodynamic system studied, consisting of fermions of two different types and their bound states, in low-energy region, in fact, can be considered as a low-temperature hydrogenlike plasma. Before we turn to the description of such plasma response to the external electromagnetic field, let us obtain the main equations that describe an evolution of this system. Taking into account the interaction between radiation and matter the system's HamiltonianĤ(t), according to [1] , can be written asĤ
is the Hamiltonian for free photons (ω k is the frequency of photon with wave number k,Ĉ + kλ ,Ĉ kλ are the creation and annihilation operators of photon with wave number k and polarization λ).
The valueĤ p in the equation (1) is the Hamiltonian for free particles (free fermions and their bound states) , 2) are the creation and annihilation operators of a free fermion of j type and mass m j at the point x;η + α (X),η α (X) are the creation and annihilation operators of bound states of two different fermions ("hydrogen-like atoms") with the quantum numbers α at the point X; ε α is the energy of an atom at the level with the quantum numbers α.
The HamiltonianĤ int in the equation (1) describes the interaction between particleŝ
In equations (5)- (7) the operatorsφ + (x 1 , x 2 ),φ(x 1 , x 2 ) are related to the creationη + α (X) and annihilation operatorsη α (X) of atoms in quantum state α by expressionŝ
where ϕ α (x) is the wave function of the bound state and ν ij (x − y), i, j = 1, 2 is the potential energy of Coulomb interaction
(e i is the electric charge of a fermion of i type). In this way, the HamiltonianĤ 1 int corresponds to scattering of particles of the first and second types by bound states, the HamiltonianĤ 2 int corresponds to scattering of bound states by each other, the HamiltonianĤ 3 int corresponds to scattering of particles of the first and second types by particles of the same types.
And, finally, the operatorV (t) in (1) represents the Hamiltonian that describes the interaction of particles with the electromagnetic field
In this expression we have taken into account an interaction of particles with the external electromagnetic field A (e) (x, t), ϕ (e) (x, t) (ϕ (e) (x, t) is the scalar potential of the external electromagnetic field) and the quantum electromagnetic field, that is described by the potentialâ(x) (Coulomb's gauge):
where A (e) (x, t) is the vector potential of the external electromagnetic field andâ(x) is the quantum electromagnetic field operator, that is defined by the expression
e kλĈkλ e ikx + h.c. ,
(V is the system volume, e kλ is the photon polarization vector).
The charge density operatorsσ i (x) for particles of i type (see (10)) are connected with the density operatorsρ i (x) (see [1] )
and, as easy to see, in the equation (12) we have also taken into account a contribution that had been made by charged particles, that are represented in the bound states (see (8)). The current density operatorĴ(x, t) in the formula (10) can be also expressed in terms of the creation and annihilation operatorŝ
where the momentum density operatorsπ i (x) are defined by expressionŝ
Using formulas (12)- (14) we can write the expressions for the current and charge density operators in more suitable way:
As it is easy to see, the operatorsσ 0 (x),ĵ 0 (x) in these expressions define the bound states contribution to the charge and current densities. In the momentum representation
expressions (16) according to (8) will have the next form:
where (see (8))
It is significant to note, that the Hamiltonian for free particlesĤ p (see (1), (3)) in the momentum representation can be written aŝ
where ε α is the energy of the atomic level with quantum numbers α, M is the bound state mass, M = (m 1 + m 2 ). The Maxwell equations for our system according to [1] can be written in the following form
where operatorsσ,Ĵ are still defined by the expressions (10), (12), (13) and values σ (e) , J (e) are the extrinsic current and charge densities. The electricÊ and magneticĤ field intensity operators in terms of the scalar and vector potentials can be expressed as (see [2] , [1] as well as equations (10), (11)
Note that in deriving the electrodynamic equations we used the Coulomb's gauge.
The system response to the perturbation by the external electromagnetic field and Green functions
In this section in order to study the system response to the perturbing action of the external electromagnetic field we shall follow the principles that have been stated in [2] . Let us consider a system that at some moment of time t is characterized by statistical operator ρ(t). Noting that the Hamiltonian of interactionV (t) is linear in respect to the external field and assuming that it is small in comparison with the HamiltonianĤ =Ĥ 0 +Ĥ int (see (1)), we can develop the perturbation theory over the week interaction. In accordance with [2] the mean value of an arbitrary quasilocal operatorâ(x) in linear approach for such system can be written as
where w is the Hibbs distribution operator
β = 1/T is the reciprocal temperature,N 1 ,N 2 are the number operators of all fermions of the first and second type respectively (including fermions in bound states, see (12))
and µ 1 , µ 2 are the chemical potentials of fermions of the first and second type. The thermodynamic parameters β, µ 1 , µ 2 can be found from the relations
and the thermodynamic potential Ω dependence on thermodynamic parameters is defined by the expression Spw = 1.
In the formula (22) F i (x, t) are the quantities, that define the external field andξ i (x) are quasilocal operators, related to the system (see also [2] ); the summation convention is assumed for the repeated index i.
And, finally, the quantity G (+)
aξi (x − x , t − t ) in the expression (22) is the two-time retarded Green function (note, that "tilde" over operators means that they are taken in the Heisenberg representation)
where θ(t) is Heaviside function
Going over to Fourier transforms of values
where
It is significant, that in terms of the Fourier transforms of the introduced quantities we can express also the energy, transferred from field to matter. If we assume, that the field is acting only a limited period of time, the total energy Q, received by matter, is given by the expression [2] 
Now we can apply these expressions to the study of the response of the system, consisting of two types of oppositely charged fermions and their bound states. To make use of the Green function method, that was described above (see (22)- (28)), it is more convenient to represent the system Hamiltonian, that is defined by formulas (1)- (16), aŝ
whereĤ 0 andĤ int are given by the formulas (1)- (7),V is defined by the expression (see also (10)- (14)
and the HamiltonianV (e) (t) describes the system interaction with the external electromagnetic field
To get the Maxwell equations for the electromagnetic field in a medium, it is necessary to average the equations (20) with the system statistical operator containing the information both about medium and electromagnetic field. To this end we shall define the mean values of the electromagnetic fields E(x, t), H(x, t), acting in the matter
as well as the induced charge and current averages (see (12)- (14))
The equations (20), averaged in accordance with the formulas (33)-(34), bring us to the MaxwellLorentz equations for the average fields in the matter
where quantities σ (e) , J (e) still represent the extrinsic charge and current densities. The next problem is to find the charge σ(x, t) and current J(x, t) densities induced by the external field. Calculating these quantities under assumption of week interaction between the system and the external field we shall use the equations (22)- (28), considering the potentials A (e) (x, t),
as a quasilocal operatorâ(x). As a result one gets
where σ a = Spwσ a (0), a = 1, 2, 0 (see (17) The retarded charge and current Green functions, that are included in the expression (36), are determined in accordance with the formula (26) (see also [2] ):
As the charge and current density operators of particles of different types (see (17)) commute with each other
then, according to the equations (15), (17), (37), the contribution of different types of particles to Green functions will be additive
With the help of direct calculations, following the method [2] , we can see, that also in the presence of particle bound states the following correspondence between Green functions (37) takes place
For the Green functions Fourier transforms (see (28)) these relations can be written as
Green functions and macroscopic characteristics of the ideal low-temperature hydrogen-like plasma
If we neglect all the interactions between particles in the investigated system, it can be considered as an ideal hydrogen-like low-temperature plasma (we note, that kinetic energy of particles should be small in comparison with the binding energy of compound particles). For an ideal hydrogen-like plasma the Green functions, that was introduced earlier, can be calculated exactly. To do this we should take into consideration, that neglecting the quantum fields presence, the HamiltonianĤ in the formula (30) should be interpreted asĤ p , see (1) , (3), (19) . Taking into account this fact the Heisenberg representation of charge and current density operators, that appear in the equations (37) for the Green functions, is defined by expressions:
where quantities σ αβ (k), I αβ (k) are given by the formulas (18). If we substitute the operators (41) in (38) and do some calculations, we shall come to the following expressions for the Fourier transforms of scalar Green functions (see (28)):
Similarly, for the vector Green functions we have
And, finally, the tensor Green functions for the investigated system is given by expressions:
In the formulas (42)- (44) 
